Classicalons are self-bound classical field configurations, which include black holes in General Relativity. In quantum theory, they are described by condensates of many soft quanta. In this work, their decay properties are studied in arbitrary dimensions. It is found that generically the decays of other classicalons are enhanced compared to pure graviton condensates, i.e. black holes. The evaporation of higher dimensional graviton condensates turns out to match Hawking radiation solely due to non-linearites captured by the classicalon picture. Although less stable than black holes, all self-bound condensates are shown to be stable in the limit of large mass. Like for black holes, the effective coupling always scales as the inverse of the number of constituents, indicating that these systems are at critical points of quantum phase transitions. Consequences for cosmology, astro-and collider physics are briefly discussed.
I. INTRODUCTION
The two ingredients above give 1) the size of a self-bound object scaling with its energy and 2) the number of quanta constituting this object, also scaling with its energy. To estimate the depletion rate of these objects we need the scaling of the effective coupling of the constituent quanta, which can also be found from the interaction terms of the Lagrangian.
Finally, we shall provide the arguments for the minimal depletion-rate property of standard black holes. We consider the regime where higher-order terms in the Lagrangian dominate those corresponding to gravitational interactions. In all such cases, barring fine tuning, which our approach cannot resolve, the scaling properties of classicalons dominated by such interaction terms always lead to increased depletion rates.
The above arguments are elaborated on in detail in Sec. II, with a particular focus in the depletion properties and half-life times for general condensates. In Sec. III we give a summary and a discussion. App. A deals with the simplified energy-balance argument and its shortcomings. Throughout this work, we will ignore all irrelevant prefactors and set ℏ = c = 1.
II. DEPLETION
As mentioned above, black holes can be viewed as classicalons. This is a manifestation of gravity's particular derivative self-interactions. It is the balance of precisely those with the kinetic term which determines the classicalization radius r * , inside which non-linearities dominate.
To see how this comes about in more generality, let us take a scalar theory with the schematic canonically-normalized (4 + m)-dimensional action
with µ being some mass scale, and γ = n(m + 2)/2 − (4 + m) + 2k. 1 Generalizing the self-sourcing arguments of Ref. [8] to 4 + m space-time dimensions, one can give an estimate of the classicalon radius,
where E is the energy of the system. For the system to classicalize, we need to have that r * grows with E. Assuming that the N quanta, of individual energy ǫ ∼ 1/r * , which constitute the classicalon interact weakly, we have E ∼ Nǫ. Together with Eq. (2) this yields
For pure gravity one has E ∼ N m+1 m+2
Not only E but also r * is independent of n if k = 1.
The above estimate of the classicalization radius takes non-linear effects into account that are not captured by a simplified energy-balance argument (cf. App. A), where one calculates the energy-balance scale from the requirement of the formation of a bound state. More precisely, one equates the kinetic energy of one quantum to the collective potential this quantum experiences. The source of this potential is assumed to be localized. However, as we show in App. A this assumption breaks down in higher dimensions.
In order to calculate the dimensionless self-coupling of the above system, we consider an effective (n = 4)-term (k is still arbitrary), and study the scaling of the 2 → 2 cross-section σ. As it has dimension µ −(m+2) , we find
Let us check this for two familiar cases in 3 + 1 dimensions: gravity and ordinary ϕ 4 theory. The former yields σ gravity ∼ ǫ 2 /µ 4 , while the latter gives σ ϕ 4 ∼ ǫ −2 . Eq. (4) defines the dimensionless self-coupling constant α via
which yields
Hence, with help of Eq. (3) which shows N ∼ ǫ −(m+2k) , we find
This scaling property is called critical [2] . If Nα N ≫ 1 one has an over-critical condensate.
With the above findings, we estimate the depletion rate Γ as follows (cf. Ref. [2] ). Let us first switch off gravity and focus on 2 → 2 processes. There will be various scatterings with a spectrum of energies, but a fraction of order one of those with momentum transfer ∼ 1/r * will emit a quantum out the condensate, causing depletion. This rate essentially consist of three factors: one that counts all possible pairs, i.e. N(N − 1) ≃ N 2 , then α 2 , accounting for the probability of scattering any two particles, and furthermore the characteristic energy of a single quantum, ǫ(N) ∼ r
Evidently, for N ≫ 1, the general result (8) is much larger than that of gravity, which reads
Above, due to criticality, the factor Nα simply drops out. For over-critical condensates, however, this factor remains and is much larger than one, causing the condensate to be quite unstable. In fact, if log N (Nα) > 1/(4k + 2m) the depletion rate actually grows with N.
Using Eq. (3), we can express the mass M ∼ E of the condensate in terms of the number of its constituents. This allows us to translate the rate (8) into the emission rate
where ∆M is the mass loss by emission of one quantum. As expected, for k = 1, this agrees with the standard semi-classical / thermo-dynamic result
where we have used the generalization of Hawking's result to general dimensions (cf. [10] ) 2 . Now, in reality everything interacts with gravity, which will have an effect on Γ. If the system contains many more other quanta than gravitons (i.e. N ≫ N g ≫ 1) these quanta will mainly scatter through their specific self-interaction, and deplete according to Eq. (8) . Thus for all condensates that are not solely constituted by gravitons, the depletion rate is enormously large, and the system spits out quanta rapidly till N ∼ N g . At this stage, the other quanta frequently interact with gravitons, with the effect that the system may have a depletion rate which might be close to that of pure gravity, but will always be at least as large.
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This leads to the statement that black holes are the slowest decaying condensates with unrestricted occupation number. 4 The underlying mechanism is actually the same that makes gravity the most efficient classicalizer [8] , and leads to the following hierarchy
The rate (8) can easily be integrated to give the half-life time τ of the (3+m)-dimensional condensate. Here we define this time as the time at which half of the gravitons have been depleted away. This yields
where we expressed the half-life time in terms of that of a corresponding black hole with the same number of constituents. For illustrative purposes, Tab. I shows half-life time estimates for a condensate with the same number of quanta as a corresponding black hole of about the mass of the moon (≈ 10 23 kg), in units of the age of the Universe. Of course, in realistic set-ups and for large objects, the decay rates will also depend on parameters related to the geometry of the extra dimensions. As already discussed above, we see that higher values than k = 1 lead to a much more rapid decay.
Defining an effective spatial extra-dimension m eff via
we find that for k = (m eff − m + 2)/2 any integer value of m eff can be generated. This degeneracy can beautifully be observed in Tab. I. In particular for m = 0 a value of k = 3 corresponds to m eff = 4. Furthermore, micro-condensates, of e.g. 10 TeV mass, might behave similarly to higher-dimensional black holes, with distinct collider signatures. Note that we also included non-integer powers of k. Such values may arise in certain effective actions. These would be very interesting, as those objects can be reasonably longlived, and may be of astrophysical importance with possibly interesting observable features. 
III. SUMMARY AND DISCUSSION
In this work we have investigated properties of general D-dimensional classicalons. Generalizing the quantum N-portrait, originally formulated for graviton condensates in three spatial dimensions in Refs. [1, 2] , to generic classicalizing substances in arbitrary spatial dimensions, we estimated their depletion rates and derived half-life times. We found that generic classicalons are critical, and asymptotically stable for large mass. Furthermore, their depletion is enhanced as compared to the standard gravitational case. This in particular shows that black holes are the slowest decaying such objects with unrestricted occupation number, if we disregard the possibility of exact cancellation of gravity, which would require fine-tuning.
Although one motivation for the present work was simply to generalise D = 4 results to higher dimensional black holes, a potentially more significant result is the realisation that the simplified treatments of in Refs. [1, 2] in D = 4 is inadequate in the general case. As detailed in the Appendix A, our full consideration of non-linearities along the lines of the classicalon discussion of Ref. [8] is required to capture the right dynamical picture more generally. This application of the classicalon mechanism to decay rates is new and we thus found it to be necessary. Furthermore, the important role of the classicalon concept means that our treatment of non-gravitational classicalons can have additional applications.
A crucial property of the classicalon picture is that it fixes the scaling of the size with energy correctly in any higher dimension. Once the length scale is fixed, the wavelength of the Bose-Einstein condensate gravitons is also determined, and, in keeping with the condensate picture, we can view the black hole effectively as a coherent state of the graviton field. Indeed we have confirmed the classicalon scaling and the coherent-state picture directly in high-energy scattering [11] . We believe that the General Relativity scaling properties of the gravitational classicalons that we have investigated ensure that their thermodynamic behaviour is that of black holes, not only with respect to the decay rates discussed in this paper, but it would be interesting if the thermodynamics could be derived purely by classicalon arguments.
Large, massive classicalons are of potential importance both in colliders and in cosmology only thanks to the property we have established: If they are produced, they evaporate more slowly with increasing size, so that sufficiently large objects can stay around long enough to lead to observable signatures.
To exemplify the above statements, we calculated the half-life times of classicalons of astrophysical mass in various dimensions and for multiple values of model parameters. We found that general condensates are generically much more short-lived than corresponding black holes, but can, for some parameter ranges, exist for cosmological time scales. Furthermore, we showed that there is a degeneracy of extra dimensions and effective higherdimensional operators, in the sense that there are certain classicalons which have half-times corresponding to those of black holes in Ê (1,3+m) for some m. More precisely, for any number m of spatial extra dimensions, there is an effective classicalizing (3 + 1)-dimensional action with the same depletion properties. Although the interpretation of those generalized classicalons is not yet fully clear, we believe that they might have important physical consequences.
It is clear from our results that, everything else being equal, objects in lower dimensions are more stable asymptotically than objects in higher dimensions. In fact, what counts is evaporation out of the object, i.e. into transverse dimensions. Thus, more transverse dimensions mean more rapid evaporation. We have considered spherically-symmetric objects, but less symmetric cases may also play a role. Our discussion then indicates that evaporation of an elongated object is suppressed relative to the evaporation of a spherical object, since the elongated object effectively has fewer transverse dimensions, at least in extreme cases. Long after the production of classicalons, we would then guess that asymmetric remnants are favoured after a substantial amount of evaporation. There are however competing mechanisms. Due to the Gregory-Laflamme instability [12] , it is expected that the purely classical evolution of black strings, i.e. extremely elongated black holes, will lead to a breakdown in the elongated direction and the production of a chain of more symmetric black holes. In contrast to evaporation, such a classical instability should persist in the limit of asymptotically large objects. So, although sustained evaporation is liable to break spherical symmetry, we are justified in paying attention to spherical objects as starting points of the evaporation process, after faster classical instabilities have produced them. regarded as completely localised. This simplification actually goes wrong if the potential is too singular, leading to a strong dependence on short-distance details. Temporarily ignoring this problem we check what such a treatment would lead to.
We assume that a bound state has a dimensionless self-coupling with the energy dependence
for some κ 1 > 0, and furthermore the effective binding potential (κ 2 > 0)
Following Ref. [2] we ask for the N-dependence, N ≫ 1, of the wavelength for which the constituents form a self-sustained bound state of a certain size L. The corresponding equilibrium condition can be obtained from equating the kinetic energy each single quantum has, ǫ ∼ 1/L, with the energy of the collective binding potential (A2),
Thus, we find 
The case of κ 1 = 2 and κ 2 = 1 reproduces that of (3 + 1)-dimensional gravity, and in particular Nα(N) ∼ 1. If κ 2 > 1, we would have Nα(N) ≫ 1, i.e. an over-critical system. We would find the depletion rate
in higher dimensions if the calculation was reliable. However, the assumption of a collective localized binding potential (A2) is not accurate when κ 2 > 1. In fact, for k = 1 and m > 0 we find
which shows that the bound-state scale L is always much smaller than the classicalon size. This explains the discrepancy between the depletion-rate results and the failure of the above assumptions for too singular potentials (cf. Ref. [13] ). It is the intrinsic non-linearity captured by the classicalon calculation that regularizes the singularity.
